ABSTRACT. Disc degeneration is strongly associated with back or neck pain, sciatica, and disc herniation or prolapse. It places an enormous economic burden on society and can greatly affect quality of life. Alternative treatment approaches, such as genetic therapies, are urgently needed to slow or reverse the disc degeneration process. We downloaded gene expression data from Gene Expression Omnibus during various stages of disc degeneration and identified differentially expressed genes (DEGs) as well as dysfunctional pathways through comparisons with controls. We identified 2 significant DEGs between grade II and III discs and 8 significant DEGs between grade II and IV discs. By constructing an interactive network of the DEGs, we found that mitogen-activated protein family genes and Ras homologous (Rho) family genes -in particular, MAP2K6 and RHOBTB2 -may play important roles in the progression of degeneration of grade III and IV discs, respectively. MAP2K6 and RHOBTB2 may be specific therapeutic molecular targets in the treatment of disc degeneration. However, further experiments are needed to confirm this result.
INTRODUCTION
Disc degeneration in the human spine is a complex phenomenon characterized by biochemical change in the nucleus pulposus and inner annulus and the formation of clefts and fissures (Fraser et al., 1993) . It alters disc height and the mechanics of the rest of the spinal column, possibly adversely affecting the behavior of other spinal structures such as muscles and ligaments (Urban and Roberts, 2003) . Disc degeneration is strongly associated with back or neck pain, sciatica, and disc herniation or prolapse. It places an enormous economic burden on society and can greatly affect quality of life (Luoma et al., 2000) .
Disc degeneration is a multifactorial process influenced by mechanical pressures, aging, genetic inheritance, and alterations in the cellular biology of intervertebral discs, among other factors (Freemont et al., 1997; Hadjipavlou, et al., 2008) . Disc degeneration might originate from the injury and subsequent repair of the annulus fibrosus (Peng et al., 2006) . Growth factors, such as transforming growth factor, interleukin, insulin-like growth factor, and basic fibroblast growth factor, through each of their receptor signal transduction pathways, promote cellular proliferation and collagen synthesis of matrix cells and play a key role in disc degeneration (Thompson et al., 1991; Nagano et al., 1995; Doita et al., 1996) . By contrast, cytokines, such as matrix metalloproteinases (MMPs) and a disintegrin-like and metalloproteinase with thrombospondin motifs (ADAMTS), inhibit matrix synthesis and stimulate the production of degradative enzymes that break down the extracellular matrix of the intervertebral disc (IVD) (Le Maitre et al., 2007a) . Increased MMP and ADAMTS enzyme activity -especially that of MMP7, MMP13, ADAMTS4, and ADAMTS5 -is a characteristic of disc degeneration (Le Maitre et al., 2004 Maitre et al., , 2006 Maitre et al., , 2007b . In addition, poor transport of nutrients into the disc is also a cause of degeneration (Nachemson et al., 1970) .
In this study, we aimed to identify the differentially expressed genes (DEGs) in the progression of disc degeneration and gain insights into the molecular mechanisms of disc degeneration. Understanding these mechanisms can aid in selecting an appropriate treatment strategy and developing new treatments for degenerated discs.
MATERIAL AND METHODS

DNA microarray data
We extracted the gene expression profiles from the study of Gruber et al. (2009) , which are available in the Gene Expression Omnibus database (ID: GSE15227). The study had been carried out to determine the localization patterns of aspirin expression in human discs. Disc degeneration was scored using the Thompson scoring system, which scores disc degeneration over the spectrum from healthy (grade I) to advanced degeneration (grade V, the most advanced stage of degeneration) (Thompson et al., 1990) . Patient specimens were derived from surgical disc procedures performed on individuals with herniated discs and degenerative disc disease. A total of 15 chips were available, including 5 grade II discs, 7 grade III discs, and 3 grade IV discs.
Data preprocessing
The probe-level data in CEL files were converted into expression measures, and back-ground correction and quartile data normalization were performed using the robust multi-array average (Irizarry et al., 2003) algorithm with the defaulted parameters in the Raffy package (Gautier et al., 2004; Team, 2011) .
DEG analysis
The t-test was used to identify genes that were significantly differentially expressed between healthy discs (grade II) and unhealthy discs (grades III, IV). Probe sets were mapped to National Center for Biotechnology Information Entrez genes using Gene ID converter (Alibés et al., 2007) . If multiple probe sets corresponded to the same gene, the expression values of those probe sets were averaged. The P value was adjusted using the Benjamini and Hochberg (Benjamini, 1995) 
Network analysis
The Search Tool for the Retrieval of Interacting Genes (STRING) database was used for both experimental and predicted interaction information (Szklarczyk et al., 2011) . Version 9.0 of STRING covers more than 1100 completely sequenced organisms, and all associations are provided with a probabilistic confidence score, which is derived by separately benchmarking groups of associations against the manually curated functional classification scheme of the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Each score represents a rough estimate of how well a given association describes a functional linkage between 2 proteins that is at least as specific as that between an average pair of proteins annotated on the same "map" or "pathway" in KEGG. We used the STRING database to annotate functional interactions between DEGs and other genes by calculating their confidence score. The networks were built using Cytoscape (Shannon et al., 2003) .
Pathway-enrichment analysis
The Database for Annotation, Visualization and Integrated Discovery now provides a comprehensive set of functional annotation tools for understanding the biological meaning behind large list of genes (Huang et al., 2009 ). For functional annotation of genes in the interaction network, we identified the overrepresented KEGG categories in pathways. A count number larger than 2 and a false-discovery rate of <0.05 were chosen as cut-off criteria.
RESULTS
DEG analysis
We obtained the microarray dataset GSE15227 from the public Gene Expression Omnibus database. The t-test was used to identify genes specifically differentially expressed between healthy and unhealthy discs with multiple testing corrections. At an adjusted P value of 0.05, 10 genes showed a significant differential expression (Table 1) , including 2 genes between grades II and III and 8 genes between grades II and IV.
Construction of a DEG interaction network
We mapped the DEGs to the STRING database and screened significant interactions with scores larger than 0.9. By integrating these relationships, we constructed interaction networks between DEGs and their interactive genes in grade III discs ( Figure 1 ) and grade IV discs (Figure 2 ). We found that mitogen-activated protein (MAP) kinase kinase 6 (MAP2K6) is the hub node in Figure 1 , and Ras homologous-related BTB domain containing 2 (RHOBTB2) is the hub node in Figure 2 . We then calculated the average degree of each node in the networks. The average degree is the average number of edges connecting all the nodes in the network. A higher average degree value indicates a better connected network that is likely more robust. The average degrees of MAP2K6 and RHOBTB2 were 96 and 68, respectively. In addition, the average degree of genes in the MAP family [such as MAP2K3 and MAP kinase (MAPK)14] and Ras homologous (Rho) family (such as RHOB, RHOQ, RHOG, and RHOBTB1) were higher than those of other genes in Figures 1 and 2 .
Pathway-enrichment analysis of the interaction network
To gain further insights into the function of genes in our interaction network, we used the online biological classification tool Database for Annotation, Visualization and Integrated Discovery and observed significant enrichment of these genes in multiple KEGG terms (Tables 2 and 3 ). The most significant enrichment pathway in grade III discs was the MAPK signaling pathway. Other significant pathways included the Toll-and NOD-like receptor signaling pathway. The most significant enrichment pathway in grade IV discs was focal adhesion. The other significant pathways included the mTOR signaling and Fc epsilon RI signaling pathways. 
DISCUSSION
The IVD is a heterogeneous structure that contributes to load support and flexibility in the spine (Chen et al., 2002) ; however, it has limited intrinsic capacity for repair (Baer et al., 2001) . Therefore, treatments of disc degeneration to date have revolved largely around pain-control measures or spinal surgeries. Alternative approaches such as genetic therapies to slow or reverse the disc degeneration process are urgently needed. In this study, we analyzed the gene expression profile of grade II through IV disc degeneration using bioinformatics. We identified 2 significant DEGs between grade II and III discs and 8 significant DEGs between grade II and IV discs. By constructing an interactive network of the DEGs, we found that MAP and Rho family genes were hub nodes in the network of grade III and IV discs, respectively.
MAP2K6, also known as MKK6, encodes a member of the dual-specificity protein kinase family, which functions as an MAP2K. This protein phosphorylates and activates p38 MAPK in response to inflammatory cytokines or environmental stress and plays an important role in many cellular processes such as stress-induced cell cycle arrest, transcription activation, and apoptosis (Kyriakis and Avruch, 2001; Pearson et al., 2001; Kaminska, 2005 Identification of genes associated with disc degeneration cesses and inflammatory mechanisms. Pratsinis and Kletsas (2008) found that growth factors such as insulin-like growth factor-I or basic fibroblast growth factor, which are known to be overexpressed in degenerated disc tissue, can stimulate MAPK and subsequent DNA synthesis in bovine annulus fibrosus and nucleus pulposus cells in vitro, suggesting that MAPKs are involved in catabolic and anabolic processes in the IVD. In addition, MAPK has recently been implicated in the activation of Wnt/β-catenin signals, which may contribute to the pathogenesis of disc degeneration (Hiyama et al., 2011) . The MAPK signaling pathways seem to play a crucial role in modulating both matrix synthesis and degradation in the IVD by altering the expression of anabolic and catabolic genes as well as by influencing proteoglycan degradation (Wuertz et al., 2012) . In our study, MAP2K6 was differentially expressed between grade II and III discs, suggesting that this gene plays an important role in the initiation of disc degeneration and therefore may be useful as a specific therapeutic molecular target for treatment.
RHOBTB2 belongs to the Ras homologous (Rho) subfamily, which consists of lowmolecular-weight guanosine-5'-triphosphate-binding proteins. Rho proteins are regulatory molecules that link surface receptors to the organization of the actin cytoskeleton and, as such, they mediate changes in cell shape, contractility, motility, and gene expression (Berken and Wittinghofer, 2008; Nowak et al., 2008) . Freeman et al. (2008) found that RHOBTB2 expression is highly upregulated during mitosis, and overexpression of RHOBTB2 induces a shortterm increase in cell cycle progression and proliferation, whereas long-term expression has a negative effect on these processes. Similarly, microarray-based network analysis approaches have found that alteration of RHOBTB2 levels influences pathways responsible for the cell cycle, apoptosis, cytoskeleton, and membrane-trafficking (Siripurapu et al., 2005) . Our findings suggest that RHOBTB2 is differentially expressed in grade IV compared with grade II discs. However, no data are available about the expression pattern of the RHOB protein in human disc degeneration to date.
We identified 25 dysfunctional pathways in the progression of disc degeneration, and most were associated with preinflammatory cytokine signaling, which is now well recognized during IVD degeneration (Le Maitre et al., 2005 Maitre et al., , 2007c . Some of the identified dysfunctional pathways are consistent with our knowledge of disc degeneration, and some suggest valuable alternative disc degeneration mechanisms. For example, the neurotrophin signaling pathway is dysfunctional in the progression from grade II to grade III discs. Neurotrophins are signaling molecules involved in the survival, differentiation, migration, and outgrowth of neurons. They are expressed in non-neuronal tissues, including the IVD (Sommer and Kress, 2004) , and are beginning to be viewed as important agents therein. Aoki et al. (2004) suggested that nerve growth factor-dependent neurons may be the population responsible for discogenic pain based on findings from studies of disc degeneration in rats. Gruber et al. (2008) found that gene expression levels of brain-derived neurotrophic factor are significantly positively correlated with increasing levels of IVD degeneration.
In conclusion, we analyzed gene expression profiles at different stages of disc degeneration using bioinformatics and found that MAP and Rho family genes -in particular, MAP2K6 and RHOBTB2 -may play important roles in the progression of grade III and IV discs, respectively. Therefore, they may be useful as specific therapeutic molecular targets for minimizing toxic side effects in the treatment of disc degeneration. Further experiments are needed to confirm these results.
